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ABSTRACT
Solar Radiation Under Thinned and Unthinned Lodgepole Pine
Stands on the Utah State University Schoo l Forest
by
Belden B. Durtschi, Master of Science
Utah State University, 1968
Major Professor: John D. Schultz
Department : Forest Science
Shortwave solar radiation was measured in the late winter of 1967
by means of actinographs below the canopy of two lod gepole pine stands,
one thinned and the other unthinned, in northern Utah.

Observations

were made at four randomly selected stations in each stand and at one
station in a large clearing.

Radiation available below the thinned and

unthinned stands was compared, and radiation in the open was compared
with radiation beneath each stand.
Nearly a ll differences between stands were significant as were the
differences between each stand and the open area.
A close correlation was shown between total radiation in the open
and total radiation beneath forest stands.
It was c oncluded that the radiation beneath either the t hinned or the

unthinned stand was above the minimum (ca. 10 percent of full sunlight)
required for adequate reproduction of Engelmann spruce and subalpine fir.
(65 pages)
vii

I NTRODUCTION

In thos e areas where the natur a l ranges of lodgepole pine (Pinus
contort a Do ugl . ) and the subalpine forest of Engelmann spruce (Picea
e ng e lmanni Engelm . ) and s u balpine fir (Abies lasiocarpa Nutt . ) overlap ,
o ne often finds pure , even-aged stands of lodgepole pine which have
fo ll owed forest fires . The fires have partly o r completely destroyed the
c li ma x Engelmann spruce and subalpine fir, thus providing favorable site
conditwns for establishment of the intolerant lodgepole pine.

This l atter

species rapidly forms a dense stand on the burned areas, provided a seed
s ource is available .
Forest fires frequently are either quite small in areal extent or they
are no t so ho t that they consume and kill all spruce and fir tre es in the
climax forest . In either case a seed source o f the spruce and fir is preserved either as a remnant of the climax forest on the margin of the new
lodgepo le pine stand o r as individual trees or groups of trees interspersed
thro ughout the pine stand.
forest to the area.

This insures the ultimate return of the c limax

Engelmann spruce and subalpine fir are able to re-

p rod uce in considera ble shade and can become established beneath the
lo dgepo le pine canopy . In the course o f many years--perhaps centuries-the mva ing spruce and fir will grow up through the pine canopy, thereby
shading out the shade - intolerant lodgepole pine.

Ultimately the pine will

d ie out , and the cycle will be completed if fire or some other distrubance
does not interrupt the successional train.
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On the Utah State University School Forest a re several rather extensive stands of pure or nearl y pure lodgepole pine, all of which have
presumably resulted from forest fires burning off the climax forest of
spruce and fir or an already exist ing lodgepole pine forest .
stands forms the basis for t his paper.

One of these

(See Figure l, page 20 .)

The stand considered in this study is about sixty yea rs old and
several thinning studies have been c arried ou t in it (Daniel and Barnes,
1958).

Some plots have been l eft unth i nned, some have been lig ht l y and

moderatel y thinned, and one plot was heavily thinned.

Within the heavily

thinned plot, little spruce and fir reproduction has become established;
whereas an abundance o f cl imax t r ee reproduction is found within the
lightly thinned and nonthinned plots.
are already over 2 5 feet high.

Many of t h e young climax trees

Why is v irtually no spruce and fir repro -

duction becoming established in the heavily thinned plot, while just a
short distance away there is ample , vigorous reproduct i on?

This was the

prima ry question which prompted the s tudy reported in the foll owing pages .
This paper presents the results of a study of solar radiation beneath
the heavi ly thin ned lodgepole pine p l ot and beneath an adjacent, unthinned p l ot.

Field work was cond u cted during the months of February,

March, and April of 1967.
l.

Objec ti ves o f the study we re:

To quantify the differences in intensity o f total s hortwave so lar

rad iation benea th unthinn e d and h e avily thinn ed s tands o f lodgepole
pine.
2.

To corre late radiation differences with differences in the
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establishment and growth of spruce and fir beneath va riou s dens ities of
even -aged lodgepole pine .
3.

To determine the rel ationship between shortwave solar radiat i on

in the open and beneath various densities of l odg ep o l e p ine.

RE

EW Of LITERATU RE

The Microenviro n ment and Conifer Reproduction

This s ection is subdivide d into th ree su b-sections which deal with
light , mo isture -tem perature, and seedbeds . The subdivisions are made
primanly fo r the sa e o f orga ni zation , although it is axiomatic that virtually all fac tors of the environment are closely interrelated and interdependent (Dau benm ire, 1959) .

Light requi rement s of conife r seedlings.

Several resea rchers h ave

a tt empted to state the light re quirements of various conifer seed ling s in
quantitative terms.

Clements (1910) stated that he found no vigorous

lodgepole pine seedlings in forests with light intensiti es below 8 percent
of fu ll sunlight .

Lodg e pole pine germination and growth were fairly good

a t ligh t i ntensit ies of 14 to 20 percent, though much below t hat e ncounte red
in full s unli ght .

After havin g measured light values in mature lodgepole

p ine forests which ranged from 5 t o 12 percent of full sunlight, Clements
foun d no forest light whi c h he thought was too weak for fair reproduction
of bo th Enge lmann spruc e and subalpine fir .
In a study of Engelmann spruce germination and seedling growth in
nursery seedbeds, Korstian (192 5) found that the highest rate of germina tio n and survival occurred under 2 5 percent of full sunlight.

However ,
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the seedlmgs grown under 2 5 percent of full sunlight were too slender to
make o ptimum development .

Hence 1t wa s concluded that SO percent of

full s nlight was best for Engelmann spruce when both vigor and survival
are considered .
Under natural conditions the light requirements of Engelmann spruce
and subalpine fir ranged from 2 to 5 percent for sustained growth, accordmg to Bates (1917).

This agrees with data from Burns (1927) which indi-

cate a m1nimum light requirement of 5. 9 percent for Engelmann spruce.
Burns ' experi ment consisted of measuring carbon dioxide exchange rates
of seedlings growing under controlled conditions. All other environmental
factors but light were held at optimum level, while the intensity of light
wa s varied.
Bates and Roeser {192 8) performed an experiment very similar to
that of Burn s (1927) wherefrom they concluded that:
variability of different species to use weak light,

(1) there is a wide

(2) lodgepole pine re-

q uires a minimum o about 6 percent of full sunlight for survival, and
(3) Engelmann spruce is a very efficient user of low-intensity light .
Data presented in the 1943 annual report of the Rocky Mountain
rarest and Range Experiment Station (U . S. Forest Service, 1944) pertain ing to a study of conifer seedling surviva l under various intensities of
sunlight are summarized in Table 1 .
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Table 1 .

Perce nt seealmg surv ival by species and light conditio n

l.nge lm ann spruce

Percent sunlight

0 .8
2 .3
2.8
2.5
6.2
12 . 8

100 . 0
85 . 0
77.5
70.0
55.0
40 . 0

Subalpine fir

0.2
0.7
1.0
1.2
2.7
16 .2

The data in t he preceding ta ble were inte rpreted to ind icate that
Engelmann spruc e seedlings can withstand exposure to light somewhat
better t han suba lpine fir.

Thi s was also thought to account for the pre-

ponderance of Engelmann spruce seed lings in natural o penings in the
spruce -fir type (U. S. Forest Service, 1944).
Patten ( 19 63) o b served , under natural conditions, that Engelmann
spruce was the imtia l tree species to seed in along the protected borders
of mature spruce-fir forest; wherea s subalp ine fir was the dominant species
with in th e fores t.

He reaso ned that this phenomenon results from Engel-

mann spruce being better able than subalpine fir to withstand exposure to
light .

This agre es with the refere nce cited in the previous paragraph.

Patten also concluded that the higher intensity light in the clearing had a
beneficial effect upon germination of the Engelmann spruce seed.
The following general points might be given as a summary of the
eifects of light on establishment and growth of lodgepole pine, Engelmann
s pruce , and subalp 'ne fir :
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1.

Lodgepole pine requires considerable light for adequate growth

of reproduction .

Full sunlight permits optimum growth, provided other

factors are not limit ing .
2.

Engelmann spruce and subalpine fir are ab l e to regenerate in

light intensities of less than 5 percent of full sunlight.

Engelmann

spruce, however, requires somewhat more light than does subalpine fir
(Hansen, 1940; Alexander, 1958a, 1958b; Patten, 1963).
Light variations within a stand . Anyone who walks through a
natural stand of forest trees can readily see that the distribution of light
reaching the forest floor is not uniform.

At some locations the tree canopy

is so dense that the forest floor is constantly shaded at all points. At
the other extreme are locations where small openings or "c learings" permit direct sunlight to reach the ground surface for as much as severa l
hours eac h day.

Even in a very uniform stand, any one point on the

ground will be subjected to more or less total daily solar radiation than
another point immediately adjacent thereto . In 1916 Burns stated that
discontinuous shade in the forest must be taken into consideration when
attempting to quantify light beneath forest canopies.

Other studies have

indicated that great variations in incoming radiation exist from place to
place and from time to time in forest stands (Ovington and Madgwick,
1955; Vezina, 1961; Hoffer, 19 63; Logan and Peterson, 1964; Vez ina,
1965).
Variations in light within a stand can have adverse or beneficial
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effects upon establishment of conifer reproduction.

Vezina (1961) points

cut that lack o f reproduction may be a re sult of radiation deficiency at
certa i n hours or se ason s .

Conversely, too much solar radiatio n may favor

the deve lo pment of competing plants to the detriment of the desired
spe cie s.
Measurement of solar radiation in forest stands.

Some fifty years

ago Burns (1916) made the stateme nt that light readings in the forest are
of little value.

He based his statement on the fact that light varies

grea dy within short periods of time.

Furthermore , before 1916 there were,

according to Burns , no satisfactory instruments which would record ac curately the light values during an entir e day . Surely things have cha nged
sufficiently since 1916 to enable us today to make accurate measurements
of light values in fore st stands.
Several investiga t ors have discussed in detail both th e quantitative
and quahtative aspects of light in the forest.

Shirl ey (1931) made a com-

plete survey of methods of light measurement and later (1935) published a
comprehensive review of literature on light as an ecological factor.

More

recent papers dealing with l igh t measurements ha ve been written by
Shirley (1945a, 1945b); Evans (19 56) ; Reifsnyder and Lull (19 65); and
others to be mentioned in the following paragraphs.
Types of instruments that have been used to measure so l ar radiation
include those that measure the heating effect o f radiation suc h as thermopiles , pyranometer s, and actinographs (Burns, 192 7, 1931; Vezina, 1961;
Reifsnyder and Lull , 1965); the photo - electric effect of rad iation by means
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oi pho to - e miss i ve and r.;hoto-vo ltaic c ell s (Ba c o n, 1939; Fairba irn , 19 58 ;
Ri chardson , 19 5 9; Og den , 1960); and the chemica l effect o f radiation
t hr c ugh the med 1 m o f sens itiz e d ma tenals (Warburg and Schocken, 1949;
Dor e, 1958) .
Some of these m s t ru men t s record instantaneous values and other
i ntegr ate values over o perio d o f time.

Integrati ng meters provide a more

a ccurat e me a s ur em en t o f the am o unt of light received at a single point in
s pace. while m s tantaneous meters may be more desirable for measuring
v a na ti ons with time and space (Richardson , 19 59) .
Light measurement s have generally been summarized as means of
severa l contemporaneous readings in o ne stand.

Atkins (1957 ) re ported

a sa t is factory mea n fro m 20 s t a tion s measured four times during the day
for w e ll -s t o cke d stands, but reco mmended more measurements in understOcke d sta n ds.

Mean fig ures obscure the characteristic va riability of

l1gh t beneath a fores t.

Logan and Peterson (1964), recogn izing this,

pro posed another me thod o f summarizing light measurements.

They took

ma ny read ing s at v a rious po ints and a t var ious times of day, expressing
light mte n s ity of the habitat as a frequency distribution of the individual
measurements.

The res u lting frequency curve (number of stations over

percent o f fu ll ligh t) describes th e light pattern of the stand much more
de ~ cri

t i vely than a mean va lu e.
Some ecol ogists describe the light conditions found in various

h a b itat s in terms of percentage of full sunlight received.

This classifies

light cond itions in a general way, but its meaning i n te r ms of photosynthesis
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and plant growTh 1s difficult to determine.

Bormann (1956) pointed out

that plants do not react pho tochemically w1th percentages of fu ll light,
but react rather w1th parucular intensities over specific periods of time.
Potential insola ion as a numerica l site description . Lee (1964)
discusses a method fo r characterizing land facets and even entire drain age ba,ins in terms o f percent of maximum normal solar beam radiation -the rad1ation index (RI1.

Methods are discussed for calcu latin g the RI

for any slope mclmation and aspect.

Since the "sola r climate" of a land

area 1s permanent, highly influent ial, and pre cise ly c al cu l able, it s hould
have numerous apphcations by ecologists, hydrologists, and others , By
statistical analysis methods an average s lope and aspect -- a "theo retical
intercepting place"--for an en t ire drainage basin can be derived ,

Thi s

information can t hen be used to calculate an RI for the entire basin,

There

appears to be a de finit e mve r se corre lation between the RI or potentia l
insolation and streamflow on many drainage basins.

This i s due t o a di-

rect relatwns hip between insolation and evapotran spiration.

Temperature and moisture
Temperature and moisture facto r s of the microenvironment are so
closely in t errelated that they w ill be dis cu sse d together . Virtually all
eferences dealing with either o these subjects also mentions the other
and the close relationship between the two.

The light factor is also

closely re la ted to the te mperature and moisture factors.

Several authors

have stre ssed the interrelations hip between moisture, temperature, and

ll
light and the difficulty of isolating and quantifying the effects of only one
of these fact ors (Pear son, 1928; Patten, 1963; Gaertner, 1964).

For ex-

ample, Pearson states that abnormalities usually attributed to deficient
light may be due to deficient heat.

It has also been shown that light in-

c rea ses the germination of Engelmann spruce seed at suboptimal temperatures, while light has n o effect upon germination when the temperature
for germination i s at an optimum level (Patten, 1963).
The effects of heat and moisture may often be confused (Pearson,
1923) .

Failure o f regeneration to become established may be attributed

to excessive heat, while the actual cause is an indirect effect of heat,
namely soil moisture depletion (Pearson, 1920 ; Barr, 1930).
In exposed areas the adverse effects of heating of the soil surface
are a major cause of failure of spruce and fir regeneration (Day, 1963).
Engelmann spruce is more sensitive to heat injury than subalpine fir or
lodgepole pine because of shallow rooting and a natural inability to withstand excessive heat (Ba tes and Roeser, 1924; U. S. Forest Service,
1957).

Under shaded conditions seedling mortality is likely to be more

close ly related to lack of water retention through the drouth period than
to the surface temperature.

Thus in the shade it appears t o be mainly

drouth which controls seedling mortality where temperature is not excessively low (Day, 1963).
Severa l workers have established the importance of soil moisture
for good reproduction of spruce and fir (Lowdermilk, 1925; Barr, 1930;
Anon ., 1939; Hansen, 1940; Alexander, l958a, l9 58b; Day and Duffy,
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19 63; Day, 1964; Gaertner, 1964) .

Root competition for soil moisture is

an o bvious factor of considerab le importance where soil moisture is likely
to beco me hmiting .

Engelmann spruce and su balpine fir exhibit relatively s l ow root
growth.

This factor can be oi considerable importance to the survival of

seedlings where the substrate is subject to drying out during the growing
season (Hai g , et al., 1941; Alexander, l958a, l958b; Gaertner, 1964).
In con)uncuon with the subject of temperature it should be mentioned
that Enge lmann spruce and suba lpine fir show a sensitivity to frost and
winter-killing (Pearson, 1920; Korstian, 1921).

The seed bed
Bloomberg (1950) discusses reasons why spruce and fir reproduction
is more abundant beneath lodgepole pine than beneath mature spruce-fir
canopy .

He gives two reasons:

(l) there is greater light beneath pine

canopies, and (2) the ground beneath pine is relatively clear of thick duff
and litter .

Forest litt er provides a poor seedbed for spruce and fir regen-

eration primarily because of its poor moisture retention cha racteristics
and because spruce and fir seedlings have very slow-growing root systems
(McKi nnon, 192 5).

Furtherm ore, Glatzel (1964) has shown that micro -

organisms are an important factor preventing Engelmann spruce seed from
germina ting in spruce and fir litter.
For Engelmann spruce and subalpine fir the most desirable seedbed
is bare mineral soil under at least partial shade (Lowdermilk, 1925;
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Barr , 1930; LeBarron and Jemis o n, 1953).

Mineral soil has the advantage

of h1gh moisture retention and relative freedom from micro-organisms which
destroy seeds an

seedlings .

Under natura l cond itions where bare mineral soil is generally not
available , rotten l ogs and stumps provide the principal surfaces upon
which spr ce and fir seedlings become established (LeBarron and Jemison,
1953).

C ltural Practices and Conifer Reproduction

Thinning of forest stands res ults in an increased degree of light
penetration to the ground, but this increase is rapidly overcome by expansion of the crowns {Ovington and Madgwick, 1955). A thinning in
a lodgepole pine stand where a source of spruce and fir seed is available
shou ld improve the establishment of spruce and fir regeneration beneath
the thinned stand due to scarification of the soil and increased light
penetration (Lowdermilk, 1925; LeBarron and Jemison, 1953; Roe and
James, 1958) .
Vezina and Pech ( 19 64 ), in a study of available solar radiation
beneath various conifer canopies, found that a balsam fir stand with
40 percent crown closure is equivalent to a jack pine stand with a 70 percent crown closure from the standpoint of available radiation beneath
their canopi es .

This was interpreted to mean that a balsam fir stand

would need to be more heavily thinned than a jack pine stand to increase
the available solar radiation on t he forest floor by a given amount; or in
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other word s , in stands of intolerant trees such as jack pine a light cu tting
will bring abou t a large mcrease in the radiation ratio (the ratio o f open
rad iation to radiation beneath a stand), whereas a heavy cutt ing will be
required in a stand of tolerant trees to bring about th e sa me increase in
radiat ion ratio.

Snow Accumulation and M e lt

The effects of thinning lodgepole pine s tands upon snow a ccumulation and melt have been studied by several workers.

Goodell ( 1952)

reported o n a study conducted in the Fraze r Experimental Forest.

The

study included eva luat ion of the e ffe c ts of thinning upon s now pack
buildup and melt.

It was found that the average water equivalent in-

crease in net snowfall due t o s ingl e- tree thinning (in which better trees
spaced about 8 . 5 feet apart were preserved and all o ther trees were removed) was 2.3 inches .

It was further indica t ed that thinning treatments

produced acceleration in the rate o f snow-m e lt by nearly 30 percent.
In a study of snow in fores t ope nings and stands in the Sierra
Nevada at altitudes b e tween 6100 and 7800 feet, Anderson, Rice, and
W est (1958) showed that maximum snow accum ulation occurred in the
l east dense forest area s .

On n orth aspects it was shown that the density

of the stand had a significant e ffect upon the spring delay of snow melting; the lowest density stands retained snow later in the spring than the
more d e ns e stands.
It was mentioned under temperature - moisture relations, that
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Engelmann spruce shows sensitivity to w in ter killing.

Deep winter snow

will tend t o protect this spec ies against winter killing (Pea rson, 1920) .
However if the snowpack leaves too early in the spring, the seedlings
may be subjected to

illing spring frosts (Korstian, 1921) .

Successional Patterns

In the follo w i ng section only that information which deals directly
or indirectly with spruce and fir succession in subalpine forests will be
mentioned .
Spruce-fir forest is classified as a stable climax type and is able
to reproduce in its own shade as well as in small clearings (LeBarron and
Jemison, 1953).
Probably the vast majority of spruce-fir forests in the Rocky mountains of the West are the final stage in a successional pattern which began when a forest fire burned over a spruce -fir forest or a lodgepole pine
fores t (Bloomberg, 1950; Cormack, 1953; Horton, 1956).

Following forest

fire the ground is bare and presents a good seedbed for pine, spruce, and
fir .

However the spruce and fir require some protection from excessive

insolation, either in the form of a protective aspect or by such barriers as
stumps, fallen logs, or vege tation (Bates and Roeser, 1924).

Generally,

provid ed a seed source of spruce, fir, and pine is available, spruce and
fir start off at approximately the same time as pine.

They are soon over-

t a en by the pine, however, because of the relatively slow initial growth
rate o f sp ruce and fir (Cormack, 1953; Horton, 1956; Day, 1964).
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Engelmann spruce and subalpine fir depend entirely upon a residual
seed source for regeneration following fire, since the trees are vulnerable
t o fire, and cones and seed do not withstand fire . On the other hand,
lodgepole pine generally needs no residua l trees to provide seed for a
new stand following fire, since this species often has serotinous cones
which allow seed to survive a fire (Horton, 1956).
As the lodgepole pine stand grows, spruce and fir continue to seed
in , to some degree, beneath the pine --again provided a seed source is
available . Fir will continue to seed into a pine stand even after the stand
is too dense for spruce reproduction to become established (Horton, 1956).
After pine maturity the growth rates of spruce and fir increase
faster than the growth rate of pine.
spruce and fir overtake the pine.

Thus there comes a time when the

This point in time marks an important

step in the succession from pine to a spruce-fir forest, for this is the point
marking the beginning of the decline of pine.

Horton (1956) found the point

of succession (when spruce and fir overtake the pine) to vary from 70 to
160 years, though generally occurring around 125 years.

Succession was

generally complete in an average of 290 years.
It has been found that in some areas the alpine fir does not become

established in abundance until the pine overstory is well developed.

Not

until the pine has thinned considerably because of death will the fir come
mto a dominant position in the stand (Cormack, 1953; Douglass, 1954;
Horton, 19 56) .
The rate of succession varies with: (1) the abundance and vigor of
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the spruce and hr- -comp etitiOn is important here;

(2} the initial density

of the pine stand; and (3} the site --on dner sites succession proceeds
mo re s l owly.

H1gh minal pine densities and dry sites retard succession

since such conditwns are adverse to spruce and fir development (Horton,
1956}.

Before discussing the study area, data collection and data analysis,
1t would be well to review the basic objectives.

These were:

(l} to de-

termine the d1fferences in intensity of total daily shortwave insolat ion beneath unthinned and heavily thinned stands of lodgepole pine,

(2} to cor-

re late radiation differences with the noted difference in establishment and
gro wth of spruce and hr beneath various densities of lodgepole pine, and
(3} to determ ine the relationship between shortwave solar radiation in the
open and beneath tree canopy.

THE STUDY AREA

Description

The stand in which the present study was made is located in northern Utah at Longitude 111 degrees 30 minutes west and Latitude 41 degrees
52 minutes north.

It is in the NEl/4 of section 16 , Township 13 north,

Range 4 east, Salt Lake Base Meridian . Section 16 described above is
one of four sections (15, 16, 21, and 22) which comprise the Utah State
University College Forest.
Elevation of the study area is 8200 feet.

The area has a 10 percent

slope to the NNE, and the su bstrate is a residua l soil developed from
Wasatch conglomerate (Daniel and Barnes, 1958).
Annual precipitation on the Utah State University School Forest is
between 30 and 40 inches (Utah Water and Power Board , 1963).

Since

most of the precipitation occurs in the winter months, the growing season
from May through September is relati ve ly dry.

In 1908 a forest fire burned over the area in which t he study was
made . This fire was not hot enough to destroy comp l etely the lodgepo l e
pme stand existing before the fire; hence the area now cons i sts of
patches of even-aged pine dating from 1908 and a few years fo ll owing
that date . These are surrounded by residual individual t rees or patches
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of trees which date fro m an earlier fire (see Figure 1) . Increment borings
h ave shown that p ine reproduction was established within two to four years
after the 1908 fire (Daniel and Barnes, 1958). It is likely that some spruce
and fir reproduction became established within a few years after the fire,
smce some of the spruce and fir trees present ly forming the understory are
nearly as tall as the pine . Other spruce and fir regeneration has und ou btedly become established from time to time as favorable climatic and
o ther conditions have permitted. At present the spruce and fir unders t ory
i s believed to be composed of many different age classes.
In 1938 a thinning study was initiated in the lodgepole pine stand
described above and shown in Figure 1 .

Four plots of relatively uniform

s t o cking were established, of which two plots were 0. 40 acre and two
0 . 225 acre in size . Three of the plots were thinned; one heavily, one
moderately, and one lightly, the fourth being left unthinned as a co ntro l.
In the present study only the heavily thinned plot and an adjacent, unthinned area are to be considered .
The heavily thinned plot was thinned to a basal a rea of 70.7 square
feet per acre in 1938 . At that time most of the trees under two inches in
diameter were removed . Also, 75 percent of the two to thr ee inch c lass
and 25 percent of the three to four inch class were removed (Daniel and
Barnes , 1958).

No information could be found indicating whether or not

o nly l o dgepole pine was removed at the time of the 1938 thinning.

In 1938

the unthinned check plot had a basal area of 93 . 5 square feet per acre.
In 19 54 the basal area on the heavily thinned plot (plot l) had
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Figure 1 . Aerial photograph showing locat ion of study area .
Arrow points to approximate l ocation of the thinned
and unthinned stands, whil e the location of the
"open" instrument is shown by a circ l e. Scale is
approximately two inches to the mile.
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mcreased t.o J 38 . 7 square feet per acre.

That on the unthinned plot

tplc 4) had mcreased to 16 7 . 5 square ieet per acre.

In 19 54 the three

p:ev10usly thinned plot s were again thinned in ord er to reduce the basal
a rea.

Pl ot l was thinned to a basal area of 102 . 2 square feet per acre.
Again in 1964 t he plo t s were mea s ured and thinned.

Before thinning,

plc.t l had a ba sal are a of 12 5. 0 square feet per acre . It was thinned to
10 9 .9 square feet per acre .

Plot 4 had increased since 1954 to a basal

area o r 20 1.4 squa re feet per acre.

In Table 2 thinning data for plot 1 are

summar1zed and compared with data for plot 4 (Daniel and Barnes, 1958;
Dan ie l, 1964) .

Table 2 .

Basal area data for heavily thinned and unthinned p lot s

Basal a rea
Plot 4
Plot l
Unthinned
Heavily thinned

Date

19 38 ,
1954,
19 54,
19 64 ,
1964,

after thinning
before thinning
after thinning
before th inning
a fter thinning

sq. ft.
70. l
138.7
102.2
12 5. 0
109 . 9

sq. ft.
93 . 5
167.5
20 l. 4

DATA COLLECTTON

Instru mentatwn

.Qes_gription of instruments
Robitzsch bimetallic actinographs described by Reifsnyder and Lull
(19 65) were used in the study.

These instruments measure total direct

and di fuse hem1 s phencal shortwave radiation.

Reifsnyder and Lull (1965)

state tha t the accuracy of daily t o tal s is within 5 to 10 percent of true
v al ues and that a c orrelation with an Eppley pyrheliometer was found to be
0 . 989 for 21 three-day periods of measurement.

These instruments are

h o sed in a metal case s imilar to a hygrothermograph case (Figure 2).

An

eight-day c l ock accuates a drum to which a paper chart is affixed and on
which an inked pen traces a constant record of radiation intensity as the
drum revolves.

The sensing element consists of two interconnected metal

plates , one of which is blackened and the other highly polished. As radiatio n fa ll s on the sensing e l ements the black plate absorbs more radiation than the polished plate and consequently becomes warmer.

This dif -

fere nt ial heating (and differential expa n s ion) results in movement of the
recordi ng pe n . When the meta l case is closed, the sensing e lements are
c o vered by a glass hemispherical "bubble" which transmits only short wave radia tion . The transmission coefficient for this glass (termed
Borosica t e) is approximately 90 percent for all wave lengths from 0. 36 to
2. 00 micro ns.

Very little in frared radiation above 2. 2 microns appears in
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Figure 2 . An in strume nt station.
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solar adiation reaching the e arth (Belfo rt Instrument Company , 1965). A
more detai l ea descnpt K n v i these in strument s can be fou nd in the Belfo rt
manua l .

Prel iminary test
Before placmg the actino graphs m the field they were pla ced on t he
roof of the Fore stry-Zoology building on the Utah State University campus
m Logan, Utah (elevation 4700 feet) .
severa l days.

They were allowed to operate fo r

During this peri od they were all identically oriented a nd it

1s assumed that they all were subjec ted to exactly the same amoun t of
insolat w n .

The purpose of this preliminary period was to permit each in-

strument to be set exa ctly on zero during the nig ht , and to determine
whether there were any differences between instrument s.

Slight instru-

mental differen ces were observed .
In o rder to prevent the instrumenta l differences from biasing the results of the field s tudy, the following action was taken: based on the
charts collect ed during the pre-study pe rio d the instrum en ts w e re grouped
so that two higher -recording and two l o wer-recording in strum ents were together in each treatment .

The instrume nt whi c h showed the average va l ue

of radiati o n was se lected for placement in the open as the control.
At the beginning o f the study on ly se ven instruments were available
f or use. Aft er the first two weeks two additional actinographs were made
available and immediately placed in the field.
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f1eld locatwn of t he instruments
In both the thinned and the unthinned plots the instruments were
randomly l ocated within an imaginary grid layout 50 feet square in the approximate center of each 100 foot square plot.

This was done to reduce

the possibility of one or more instruments being located so c l ose t o the
edge of the plot that the area outside of the plot wou ld influence the instrument(s),
A starting point on the northeas t comer of the grids was arbitrarily
selected for use as t h e origin from which the instrument sta tio n l ocations
were measured . A 100 foot steel tape was used to measure the distances.
For eac h instrument station two numbers between zero and fifty were sel ected from a ta ble of random numbers (O st le, 19 63 ).

The first number of

eac h pair was used a s the distance measured west from the o rigi n and the
second number was the dista nce mea sured so uth.

Fo ur points in beth the

thinned and unthinned plots were located in this manner .
On March 23 , 19 67 , all instrumen t s in the thinned and unthinned
stands were systemati ca lly re l ocated.

Thi s consisted of moving each in-

strument station d irectly sou th a distance o f 10 feet.

It was felt that a

systema ti c reloc ation would be su fficiently free of bias to give a va lid
indica tion of intra stand variat i on in ca nopy density .
One control instrument was located within and near the northern
edge of a large clearing.

The clearing which is approximately one -half

mile south of the thinn ing plots is roughly 600 feet in diameter with a
10 percent s lope to the ENE .

Mature spruce and fir forest surrounds

26
the clearing (Figure 1) .
Each mstrument was placed on a 12 X 18 inch plywood platform
which was carefully le ve led atop a po le and held in place by a lag bolt.
Each pole h ad been

riven through the snow mantle and approximately

one fo o t into the u nfro zen so il beneath, after which it was sawed off at
a point 24 inche s above the surface of the snow . The height of the platform above the snow surface varied somewhat as snow accumulated and/or
settled .

Each platform was oriented so that the long axis was in an east-

west d i rection (Figure 2).
During the period of data co lle c tion for this study the snow depth
averaged about five feet beneath both the thinned and unthinned pine
stands . From the beginning to the termination of this study a total of approximately three feet of snow fell during several storms.

However, due

t o compaction and possibly sublimation the actual snow depth never exceeded s ix feet.

Obtaining Actinograph Data

Radiation measurements for a total of 44 days were obtained, although data from only 27 days were actually used in this study.

Data

from the r emaining 17 days were not usable because of the presence of
snow on some or all of the instruments .

Several snow storms occurred

d uring the period of data co llection.
Whenever it was possible, 24 - hour gears were placed on the instruments and the chart s were changed each evening shortly before dark.

The
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24-hour data from a total of six days was usab le.
During the week 192-hour (weekly) gears and charts were placed on
the instruments and changed after a maximum of eight days.

Data from

a total of 34 days were coll ected using the 192 - hour gears and charts, of
which 21 days were usable.

Figure 3 shows both a daily and a weekly

chart .
Each time the c harts or charts and gears were changed the g la ss
"bubbles" on the instrument cases were carefully cleaned with paper
tissues and a soft cloth.
The study area was reached by means of a two-man snowmobile.
Approximately six miles of snow-bound terrain lay between the study plots
and the nearest all-weather road.

Obtaining Stand Density Data

A Lemmon spherical densiometer (Lemmon, 1957) was used to estimate the canopy density of the thinned and unthinned plots .
measurements were made in each stand.
ca ted in each stand.

Forty

Ten points were randomly lo -

At each point four measurements were made with the

measurer (the author) facing each of the ca rdinal directions.
sity estimates see Table 3.

For the den-
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Figure 3.

Daily and weekly c harts.
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Table 3.

Crown density estimates in thinned and unthinned stands a

Sampling point

2
4
5
6
7

8
9

10
Average

Thinned stand

Unthinned stand

Percentage
79
73
72
71
67
68
63
75
70
74
71

Percentage
84
88
85
90
92
86
89
88
85
87
88

aEach figure represents the ave rage of four observations at one station

ANALYSIS OF DATA

Conversion of Actinograph Ch art
Reading s to Langleys

The a rea under ea ch day's inked record was measured with a polar
planimeter.

Three separate measurements were made of each day's record

and the average of the three was used in c alcu lating the langley s (gram
c al ories pe r square centime t e r per minute) of rad iant energy for that partie ular day.

Since the polar planime ter did not give a direct readin g in square

cen tim ete r s , it was necessary to ca l c ulate a c onversion factor which
cou ld be used to convert the p l animeter reading to square centimete rs.

A

"chart co n sta nt" was determined (Belfort In strum ent Company, 1965) which
indicated the langleys per square centi meter of chart . A different c hart
constant was determined fo r both the 24 -hour and 192-hou r charts.

Finally

a simp le multip lication of the c hart constant by the number of square centi meters o f chart benea th the inked c urve for any particular day yie ld ed the
t ota l l ang l eys for that day .

Tabl e 4 s how s th e result s for eac h instrument

for t he e ntire study period, with the exception of those days for which data
were not used.

Figure 4 graphica lly illu s trat es the data shown in Table 4.

Ana l yses Pe rformed

Table 5 shows the results of a seri e s of analyses of variance . The
instrumen t readings in langleys fo r each individua l day were compared
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Table 4. Total daily solar radiation for all instrument stations

Station
Date

Oeen
7a

2/22
2/23
2/24
3/1
3/2
3/ 3
3/5
3/ 6
3/7
3/8
3/9
3/10
3/11
3/18
3/20
3/21
3/22
3/23
3/24
3/ 25
3/26
3/27
3/ 28
4/2
4/3
4/4
4/7

350.7
73.4
448.9
93 . 2
84.7
316.8
67.8
384.6
321.9
87.6
415. l
84 . 7
508.2
33.9
70.6
415 . 1
474.4
87.6
440.5
50.8
530 . 3
67 . 8
406 . 6 101.6
237.2
50.8
116.8
19.6
383.1 107.8
70 . 4
393.6
505.0 102. 1
362 . 8 114. 1
450 . 6
81.3
542.1 106.7
284.6
67.8
203.3
67 . 8
296 .5
84.7
405.7 124.7
674.3 135 . 5
559.1 118.6
491.3 101.6

Thinned
2

6

98 . 8
87.6
53.7
73.4
84 . 7
72.8
84.7
81.8
67.8
34.4
99 . 9
108.4
116.8
97 . 2
84.7
67.8
67.8
30.5
118.6
105.6
118. 6
98.2
101. 6

101.6
101.6
72.8
67.8
19.6
131.6
134 . 6
131.0
95.4
67 . 8
101.6
101.6
64.4
81.3
134.6
135.5
169 . 5
101.6

Unthinned
8

3

98.8
31.0
110 . 1
33.9
84.7
40.6
42 . 4
81.8
101.6
33.9
84.7
38 . 1
64.9
25.4
42.4
67.8
107.2
42.4
98 . 3
33.9
101 . 6
33 . 9
84 . 7
64 . 4
81.3
22 . 0
35.9 13.3
121.9 56 . 4
105 . 0 36.6
128.9 53.5
114. 7 64 . 0
123 . 7 30 . 5
84.7 33.9
84 . 7 50 . 8
50.8 30 . 5
132. 1 50.8
102. 1 64.0
242 . 3 84.7
135.5 101.6
118. 6 67.8

4

5

9

42.4
28.3
41.2
33.9
36.6
33 . 9
33.9
47.9
33.9
so . 8
56.4
33.9
25.4
47.9
47 . 9
46.6
67 . 8
50 . 8
50.8
56.4
39.5
98.3
22 . 5
64 . 4
84.7
47 . 9
50 . 8
16.9
67.8
67.8
16 . 9
67 . 8
16 . 9
8.4
8.4
16 . 1
31.3
69.1
29 . 6
40 . 8
57.0
28.1
51. 3
64 . 9
86.0
48 . 6
66 . 1
59 . 8
16 . 9
16.9
16 . 9
33.9
33 . 9 84 . 7
64 . 4
33.9
33.9
22 . 0
16.9
33 . 9
81.3
50 . 8 101.6
33 . 2
71.8
91.5
50 . 8 101 . 6
67.8
50 . 8
84.7
50 . 8
16.9
50 . 8

aNumbers one through nine refer to individual ins truments

Table 5. Analyses of variance results for individual daysa

Date

2/22
2/23
2/24
3/l
3/2
3/3
3/5
3/6
3/7
3/8
3/9
3/10
3/11
3/18
3/20
3/2 1
3/22
3/23
3/24
3/25
3/26

Degree of
cloudines sb

Cy
Cr
Cy
I

Cy
I

Cr
I
I
I

Cr
I

Cy
Cy
I
I
I

Cy
I
I

Cy

Thinned vs unthinned
Error d. f.
F-value

3
3
3
4
4
3
5
5
5
6
6
6
6
6
6
6
6
6
6
6
6

22.60*
85.64**
326.40**
17 .68*
52. 66**
22.08*
l. 73
7 . 72*
37.65**
l. 58
6 . 59*
5.01
6. 77*
10. 58*
32.74**
19.38**
29.00**
51.18**
30 . 63**
7.95*
10. 0 5*

O[>en vs thinned
Error d .f.
F-value

l
l
l
2
2
l

2
2
2
3
3
3

3
3

3
3
3
3
3
3
3

144.69
562 .92*
00
**
283.45**
605 . 34**
00
**
636, 69**
11353.34**
727. 04**
183.28**
595.28**
570 .45**
148.63**
82.64**
287.01**
96.08**
71. 63**
511.71**
180 .94**
524 . 62**
127.32**

Ope n vs unthinned
Error d. f.
F-value

2
2
2
2
2
2
2
3
3

3

3
3
3
3
3
3
3
3
3
3
3

1343 . 90**
7186.64**
5165.93**
1775.67**
628.11**
726 . 30**
1054.15**
527 . 43* *
2433 . 73**
103 . 07**
390. 18**
159.77**
55 . 73**
643 .4 7**
241.48**
660.58**
617.38**
820.17**
3203.43**
304 . 45**
209.30**

w
N

Table 5.

Date

3/27
3/28
4/2
4/3
4/4
4/7

Continued

Degree of
cloudiness

Cy
Cy
I

Cr
I
I

a All instrument
bey, I, and Cr
*Significant at
**Significant at

Thinned vs unthinned
Error d. f.
F- value

6
6
6
6
6
5

8.75*
3.50
12.88*
7.22*
8.82*
20.24**

Open vs thinned
Error d. f .
F-value

3
3
3
3
3
3

62 . 76**
46 .96**
287.97* *
66.16* *
162.32**
1645 . 08**

Open vs unthinned
F-value
Error d. t.

3

3
3
3
3
2

406.84**
63.88**
158 .11**
599.01**
294.11**
222 .30 **

readings in each individual stand were average for each day.
signify cloudy, intermediate or partly cloudy, and clear, respectively.
5 percent probability.
l percent probability.

w
w
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aTo permit compr ession of the abscissa, those days on which no usable data were co ll ected
were omitted . Dotted sections in the potential radiation curve correspond to these omitted
periods .

Figure 4 . Histogram of daily total solar rad iation in the open and under thinned and unthinned stands.
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using F-tests (Ostle, 1963).

For eac h day the thinned stand was com-

pared with the unthinned stand; the thinned stand was compared with the
reading in the open; and the unthinned stand was compared with th e open
reading.
A simple linear regression and corre lation analysis was performed
in which the average daily total solar radiation reading through tree canopy
was related to the contemporaneous solar radiation reading in the open .
Such an analysis was performed on the data from both the thinned and unthinned stands . Th e results are shown in Figure 5.

Daily solar radiati on in the open (gram calories
per square centimeter)
Figure 5.

Relationships between ave rage daily total solar radiation
in the open and beneath tree canopy .
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In order to obtain some indication of the va riability between instrument stations within a particular stand, analyses of variance were performed on average readings of individual instruments for various periods
during the study (Table 6) . The periods before and after moving the instruments were analyzed separately for each stand as was the entire study
period average .
Each actinograph reading in langleys was converted to a percentage
of total daily solar shortwave radiation in the open for the same period.
Averages for each stand were also calculated on a daily basis, as was
the overall average for the entire period for each stand (Table 7).
Based upon observation of the inked curves of the actinograph
charts, degree of cloudiness was subdivided into three classes; clear,
intermediate, and cloudy.
formation.

Table 5 includes the degree of cloudiness in-

In Table 8 the average percentage of shortwave solar radiation

in the thinned and unthinned stands for the three degrees of c loudiness
are compared.
Scattergrams were plotted to illustrate the distribution of daily
percent radiation in the thinned and unthinned stands in relation to da ily
solar ratiation in the open (Figure 6).
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Table 6 . Analysis of variance resu lts comparing instrument stat ion
averages for total study period (2 / 2 2 -4 /7); period before moving
instruments (2 /22 - 3/23 ); and period after moving instruments
(3 /24 -4/7)

Pe riod

Plot

Station number

Station average

F-valuea

2/2 2-3/23

Thinned

1
2
6
8

76.0
81.3
94.8
93 . 0

1 . 7 66

3/24 - 4/7

Thinned

1
2
6
8

98.7
88 . 2
106.4
119 . 4

1 .1 30

2/ 22-4/7

Thinned

83 . 6
84.2
94.5
10 l. 8

2.328

2
6
8

39 .9
39.9
52.2
44.7

1 . 886

4
5
9

2/2 2-3/ 2 3

Unthinned

3/2 4-4/7

Unthinned

3
4
5
9

57.2
39.7
49.4
61.2

2 .2 51

2/22-4/7

Unthinn ed

3
4
5
9

45.3
39.8
51.3
51.8

2.135

aNone of the F-va lues is significant at the 95 percent probability le ve l.

Table 7.

Percentages of total shortwave solar radiation in thinned and unthinned stands
Station

Date

1

2

Thinned
6

2/22
2/23
2/24
3/1
3/2
3/3
3/5
3/6
3/7
3/8
3/9
3/10
3/11
3/18
3/20
3/21
3/22
3/23
3/24

20 .9
20.8
26.7
17.6
27.2
20 .4
6.7
17.0
18 . 5
ll . 5
12.8
2 5.0
21.5
16.8
28. 1
17.9
20 . 2
31.4
18.0

------ ----

----------

-- --

25.7
27 .2

- - ----10.6
17.7
17.8
16.5
16.0
20. 1
28.6
29 . 5
26 . 1
27.6
23 . 1
26.8
18.8

---- ---- -- --2 3. 1
19.2
17.9
28 . 6
16.8
34.4
34.2
25.9
26.6
15.0

8

Average

3

4

28.2
24 . 5
26.7
21.3
31.6
20.4
13 .8
16.3
22.6
22.3
19.2
20.8
33 . 3
30.7
31.8
26 . 7
25.5
31.6
27 . 4

24.6
22.6
26.7
21.5
28 . 7
20.4
10 . 0
17.0
19. 6
18.4
16.8
21.0
28. 1
23 . 5
30 . 1
26 . 6
23.7
2 9. 1
19.8

8.8
7. 6
12.8
11.0
10.5
9.4
5.0
9.2
8.9
7. 7
6.4
15.8
9.3
11.4
14.7
9.3
10. 6
17.6
6.8

8. 1
7.6
10.7
8.8
10.5
8.2
5.0
11.2
10.7
22 . 3
16.0
4.2
7.1
7.2
8.2
lO. 4
10.2
13 . 4
3.8

Unthinned
5
12 . 1
9.2
13 .0
12.4
15.8
13.6
9.4
16.3
11. 9
5. 1
9.0
16.7
28 . 6
7. 2
18.0
14.5
17.0
18.3
3. 8

9

Average

----

9.7
8. 1
11.7
10.8
12.3
10.3
7.2
12.5
10 . 0
12.4
10 . 2
13.3
13 . 0
9.9
12 . 2
10.3
12 . 7
16.4
4. 5

----

------------9.4
12. 2
8.3
14.6
9.6
16.7
7. 1
13.7
7. 7
7. 1
12.8
16. 5
3.8

w
CD

Table 7.

Continued
Station

Date

l

2

3/2 5
3/26
3/27
3/28
4/2
4/3
4/4
4/7

19 . 7
23.8
33.3
28.6
30.7
20. l
21.2
20.7

12 . 5
23.8
15.0
40.0
26.0
17.6
17 . 6
20.7

Thinned
6

18.7
35.7
31.7
27.4
33.2
20. 1
30.3
20.7

8

Average

15.6
29 . 8
25.0
44 . 6
25.2
35.9
24.2
24. l

Overall average

16. 6
28.3
2 6. 3
35. l
28.8
23.4
23.3
21.5

...

23.6

3

6.2
17.8
15.0
17. l
15.8
12.6
18.2
l3 .8

4

6.2
11.9
8.3
27.4
8.2
7 .5
9. 1

----

Unthinned
5

6.2
ll. 8

16.7
17 . 1
17 . 7
15. l
15 . 1
3.4

9

Average

15. 6
22.6
10.8
34 . 3
22.6
10 . 1
9. 1
10. 3

Overall average ...

8.6
16' 1
12 . 7
24.0
16.0
11.3
12.9
9.2

ll. 8

w
<.D
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Table 8 .

Plot

Thinned
Unthinned

Average proportion of sola r radiation available below canopy
by three groupings of cloudiness

Clear

Degree of cloudiness
Intermediate

Cloudy

Average

20 . 9

22.0

27.8

23.6

9.9

11. l

14.0

11.8
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Figure 6.

Scattergrams relating average dai l y percent so la r radiation
availabl e below pine canopy to sola r rad i a t ion i n th e open .

RESULTS AND DISCUSSION

Results of the analyses of variance comparing the thinned and unthinned stands with each other and with the open area indicate that for
the majority of days during the study period the differences in total solar
radiation between the thinned and unthinned stands were significant or
h1ghly significant, whereas the differences between the two stands and
the open area were all highly significant with t he exception of two days
(Table 5) . The two days on which the differences between the thinned
stand and the open were nonsignificant or only significant at the 5 percent
level were February 22nd and 23rd.
of data collect ion .

These dates were the first two days

For these two days th e re were only two instruments in

the thinned stand and one in the open, thus giving on ly one degree of
freedom in the en-or term of the analysis of variance.

Hence the data for

these days, as well as two other days on which there were only two instru ments in the thinned stand, are of questionable va lidity .
F- values for the comparisons between the thinned and unthinned
stands were considerably smaller than those for the comparisons between
the two s tands and the open area.

This is as one would expect, since

there is obviously less difference in solar radiation between the two stands
than between either stand and the open area (Table 4).
It is not clea r why there was such a wide variation in differences in

total daily shortwave rad ia ti on between the thinned and unthinned stands.
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No apparent correlation exists with degree of cloudiness, although the
determination of cloudiness was based arbitrarily upon total solar radiation in the open (Tables 4 and 8) . The basic reason why some days showed
significant differences and others did not lies in the fact that the va riation
between instrument readings for various days within one t reatment (thinned
or unthinned) was very great on some days and quite small on other days .
For example, for March 2 3rd the range in l angleys was from 9 6. 4 to 114 . 7
and from 48. 6 to 66 . 2 for the thinned and unthinned stands, respec t ively .
The difference between stands for this date was highly significant, while
the averages were lOS. 6 and 59.6 langleys for the thinned and unthinned
stands, respect! vely.

On March 28th the range was from 81. 3 to 132 . 1

and from SO. 8 to 101.6 for the thinned and unthinned stands, respectivel y.
The averages were 104 .2 for the thinned stand and 71. 1 fo r th e unthinn ed
stand.

No significance at the 5 percent level was shown for this date .

Both of the above dates were classified as cloudy.
sible reasons for such variation differences.

There a re several pos -

On days when 8-day charts

were on the instruments the curve for the entire day was often very difficult to measure accurately with the plan i meter (see Figure 3).

Hence it i s

possible that errors could ha v e occu rre d du ring me a s u reme nt of th e c h a rt s.
It is possible, though no t l ike l y, that the ins truments cou l d h a ve va ried

from day to day in amount of instrumenta l error . However , if such we re
the case it should have become appa rent during t he pre limi nary check
period. A further possibility is that var iations in degree of movement of
the tree crowns on different days cou ld result i n differences in v ari a tion
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within a treatment.

On a windy day it would seem likely that there would

be less v ariation between instrument readings tha n on a wind - st ill day.
Fmally, differences in amount of snow o n the tree crown s cou ld have an
effect upo n variability within s tan ds .
Tab le 6 gives the results of variance analyses which show that th e
ave rag e variability within one treatment (stand) for various groupings of
days w as not large enough to yield significant results .

However, obser-

vatwn of the individu al instrument rea dings for various single days s ho ws
great differences for some days.

Obviously such differences tend t o be

"masked" by groupi ng several days' data together.

This indi c ates that

the re is a large amount of va riability between a seri es of daily readings
for o ne particular instrument.

Observation of Table 4 bears this out.

The correlation be t ween the readin gs from individual instrum e nts and
contemporaneous total radiation i n the open do e s not appear to be very
close in some cases.

For exampl e, see the daily readings for instrum e nt

number 4 from March 1st throug h March 11th (Table 4) .

Howeve r, when

the average readings for all dates (Table 5) are compa red , th e r esult s are
gen e rally signifi ca nt at either the 5 or the 1 percent le vels.
Regression analyses re lating daily so lar radiation under thinned and
unthi nn ed c rown c anopy and total daily sola r radiation in the open (see
Figure 5) are highly significant (Snedec or, 1956) . That is, the high correlation coeffic ien ts obtained indicate a high degree of assoc iation between the radiation readings under tree canopy and those in the open.

Of

cou r se these correla tion analyses represent an amalgamation of all data
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for the entire study period.

Nevertheless it can be stated with confidence

that a larger absolute quantity of insolation reaches the forest floor with
increased radiation intensity in the open.
While it has been shown that more absolute radiation penetrates the
forest canopy with an increase in radiation in the open, analysis of proportional radiation data i ndicates a negative correlation.

In Tab l e 8 the

total daily radiation data (Table 4) have been converted to percent values.
That is, each daily reading in langleys for each instrument has been con verted to percent of total radiation in the open for that particular day.

The

average percentages of open radiation for eac h day are plotted over daily
solar radiation in the open by thinned and unthinned stands in Figure 6 .
It is apparent from Figure 6 that there exists a tendency toward correlation
between the percentage solar radiation beneath a stand of trees and the
total contemporaneous solar radiation in the open.
Readings for the entire study period were grouped by c l oudiness .
On days that were clear or nearly clear, the percentage of open radiation
averaged 20. 9 for the thinned plot and 9. 9 for the unthinned plot; on days
of intermediate cloudiness, the percentages were 22.0 and 11.1 respectively; on c loudy days they averaged 27.8 and 14 .0 , respectively (see
TablA 8) . It is interesting to note from Table 8 that the pP.rcentage rlata
for each c loudiness degree and also the average percentage for the entire
study period for the thinned stand are approximat ely double the va lues for
the unthinned stand.

Also, the basal area per acre in square feet for the

thinned stand is approximately half (109. 9 square feet) that of th e
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unthinned stand (2 0 1 . 4 square feet) . This would indicate a close correl a t10n between basal area per acre in square feet and percent transmission
of solar radiation.

The closeness of this corre latio n would very likely de -

pend upon how recently the stand had been thinned.

In this case the

thinning operation was last carried out nearly three years before this
study .

Undoubted ly three years is sufficient time for the crowns of the

remaining trees to expand to a degree into the spaces vaca ted by those
trees which were removed.
An increase in percent radiation beneath forest stands with a decrease in total solar radiation in the open due to increased cloud cover is
an expected phenomenon. With increasing cloudiness the amount of diffuse so lar radiation increases , and beneath a forest canopy the majority
of radiation reaching the forest floor is diffuse, even on a clear day.
Hence on a c loudy day the total solar radiation is reduced proportionately
more in the open than beneath a forest canopy.
The preceding discussion of percent radiation beneath forest canopy
is probably of academic interest only , s in ce it is the ab so lut e amount of
solar radiation reaching the forest floor, rather than the proportion, which
is of importance to the establishment and growth of forest floor vegetation.

CONCLUSIONS AND CONJECTURES

l.

Differences between total daily shortwave solar radiation be-

neath the thinned and the unthinned lodgepole pine stands were significant
on most days .
2.

Total daily solar radiation in the open was much greater than be-

neath eit her the thinned or the unthinned lodgepole pine stand.
3. A close correlation exists between total solar shortwave radiatwn beneath lodgepole pine stands and total solar shortwave radiation in
the open.
4 . The amount of solar radiation reaching the forest floor beneath
both the thinned and the unthinned l odgepole pine stands is probab ly suf ficient (over 10 percent of tota l sunlight) for the establi shmen t and growth
of Enge lmann spruce and subalpine fir.

This indicates that the absence of

spruce and fir reproduction beneath th e thinned lodgepole p in e stand must
be due to some factor or combination of factors other than amount of light
reaching the forest floor.
5 . The incre ased amount of so l a r radiation reaching the forest
fl oor beneath the thinned lodgepole pine may have an adverse effect upon
spruce and fir seedling establishment and growth due to an increased rate
of s01 l moisture loss .

This would result in drying of the soil su rface and

thus bnng about seedbed conditions inimical to spruce and fir re production .

48

6.

It is also possible that the soil surface temperatures beneath

the thinned lodgepole pine may become high enough during the summer to
result in the death of new spruce and fir seedlings due to stem girdling at
the soil surface.
7.

Early spring frosts may account in part for the absence of spruce

and fir reproduction beneath the thinned lodgepole p ine. If the snow cover
disappears more rapidly in the thinned stand in the spring, any seedlings
in that stand would be susceptible to spring frosts, while those seedlings
still protected by snow in the unthinned stands would be much more likely
to survive the frosts .
8 . Trampling could be one cause for the absence of spruce and fir
reproduction in the thinned stand .

For many yea r s this particular l odge-

pole pine stand has been used as a demonstration area for natura l resource
students at the annual summer camp. It is possible that the annual
trampling by these studen t s is having a detrimental effect upon establi shment of spruce and fir in this particular stand .
9. Activity of fungi during the winter months beneath the snow
cover might be destroying seedlings which have begun to become established during the growing season .

SUMMARY

Objectives of the study were:

( l) to determine the differences in

intensity of shortwave solar radiation beneath an unthinned and a thinned
lod gepo le pine stand, (2) to determine the relationship between shortwave
solar radiation in the open and beneath various densities of lodgepole
pine, and (3) to correlate radiation differences with differences in the establishment and growth o f spruce and fir beneath vari ous densities of evenaged lodgepole pine .
In the late winter of 1967 shortwave solar radiation in northern Utah
was measured by means of bimetallic actinographs below the canopy of a
thinn ed and an adjacent, unthinned lodgepole pine stand.

In struments

were placed at four randomly selected stations in each stand and at one
station in a large clearing.

Data were collected for a six-week period in

February, March, and April.
Virtually all daily differences between stands were s ignificant .

Dif-

ferences between each stand and the open area were nearly all highly significant.
A c l ose correlation was shown be tween t otal daily radiation in the
open and total daily radiation benea th each of the two lodgepole pine
stands.
During the study period solar radiation beneath th e thinned stand
averaged approximately 20 percent of full sunlight measured in the open
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area .

This is considerably higher than the percentage given by numerous

researchers as the minim urn percentage of full sun light requ ired by Engelmann spruce and subalpine fir for seedling establishment and growth.

SUGGESTIONS FOR FUTURE STUDIES

The study reported in this paper was conducted during the winter
and over a relatively short tim e period.

The author is aware that the in-

formation presented as a result of this study is of limited usefulness in
explaining the phenomenon which prompted the study, namely the absence
of spruce and fir reproduction beneath the thinned lodgepole pine stand.
This question, as well as others, could be answe red with greater reliability if some follow - up studies were conducted.

Some possibilities for

future study are suggested below.
1. A microenvironmental study of the two areas during an entire
year, with specia l attention to the growing sea son, should provide some
useful information.

Such a study would include records of temperature and

moisture within the upper foot of the soil and extending several feet above
the soil, wi th special emphasis being given to the soil su rface.

So lar

radiation data sim ilar to that co ll ected in the present study should also be
obtained for the growing sea son.
2.

Exclosures to eliminate damage by large animals, including

for es try students, could be pla ced on the thinned (and unthinned) area for
several years to determine whether the absence of trampling permits establishment of spruce and fir seedlings.
3.

A phytosocio lo gical study might be made of the area surrounding,

and including, the plots studied for this paper .

Such a study might shed
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further light upon exactly what is occurring on the area· as far as plant
succession is concerned.
4.

The soils within and surrounding the thinned and unthinned lodge-

pol e pine stands mentioned above might be studied to determine whether
edaphic factors, including soil microorganisms, might be influencing the
reproduction of spruce and fi r in the area.

A soil study could be combined

with suggestion number one above.
5.

Records of the precipitation on the thinned and unthinned plots

should be kept.

Measurements should be made of throughfall, inter-

ception, and stemflow of rain, as well as throughfall, interception, and
melt of snow.

This could be combined with suggestion number one.
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